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W -lboson physics
with proton beams
at Relativistic Heavy lon Collider

Pavel Nadolsky
Southern Methodist University

[ Probing flavor dependence of unpolarized and spin-dependent parton
distribution functions (PDF’s)

[0 Lepton-level asymmetries A; (y,) in W boson production

[0 Implementation of NLO A; () in the global fits
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Probing parton distributions in
W boson production at RHIC

0 Intermediate energies (+/5=200-500 GeV);
sizeable luminosities (£ = 100 — 800 pb~1)

[0 pp collider: good sensitivity
to quark sea af scales of order My,

& complements Tevatron and
low-energy Drell-Yan measurements

O Flavor sensitivity through the CKM matrix

<& analysis of flavor dependence of
valence and sea quark PDF’s

[0 Beam polarization option

& first measurements of Agseq(z, Q) atlarge @
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Convenient combinations of helicity cross sections

[0 Unpolarized cross section

o= % (0++ + ot~ + o T + 0__)

0 Single-spin (parity-violating) cross section

1
A0=—0++—0_+-|—0+_—0'__ = -
=4 | e -
[0 Double-spin cross section

ey S e

ALLO' —

R

Spin asymmetries (as functions of a kinematical variable p = pr, y...):

dALO'/dp ALL(p) _ dALLO'/dp

A =
rp) == do /dp




0000000000 0 & ® ® Pravel Nadolsky, Santa Fe PHENIX Workshop, June 21, 2004

Unpolarized cross sections




OO0 000000000 0 0 ® 8 Pavel Nadolsky, Santa Fe PHENIX Workshop, June 21, 2004

PDF uncertainty in total cross section (CTEQ®6)

03 _- T T | T T T | T T T T T T 1 A
RHIC 200 ® W' production
0.2 - m W production | |
A 7 production
Q 0.1 — .
s T _
3 | pp200  RHIC 500 il
I RHIC 650 il
0.05 — l
- R LHC 1
pp 500 -
i Tevatron Run-2 i
002 | | | | oo | | | | | I I I |
200 500 1000 2000 14000
s™? Gev

RHIC probes sea quark PDF's and d(«x) at = > 0.1, where these PDF’s are
not well constrained

[N | | [N | |
L | | y .\ | A
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Measurements of d(x) /u(x): RHIC vs. other experiments

0 DIS and lower-energy Drell- | ;
0.9 Dotted — With Nuc. Cor. and Forced to 0.2 .

YGn Dashed — With Nuc. Cor. and CTEQS Parameterization
08 7 Solid — CTEQ5M (No Nuc. Cor.) E
<> X > 0-2/ Q 5 10 Gev 0.7 } \‘\ ]
- (Q=80 GeV) ]
& possible 0 06 pp at RHIC _ -
. % A. ino nuclear COI'reCtIOQ 7
nuclear corrections @ 05 ]

D |
\ 0.4 ! No Reliable Data Theory;
0 Tevatron Run-2 ° | e
03 F romcnsmon ]
< ~

O £503,Q~ My L I S ]
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Parton x

[] 2V SRHIC’ < \/STevatron

. Forsame vy, crigro > rrevatrons RHIC has better access to the
g large-z region ~
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A A



0000000000 0 0@ ® & Pavel Nadolsky, Santa Fe PHENIX Workshop, June 21, 2004

Charge lepton asymmetry of unpolarized cross sections at a pp collider

doW o doW
p _ dy dye
App(ye) = 5
ch daW+ doeW ™
dye dye

[0 related to the boson Born-level asymmetry (yy-=rapidity of 17/)

Yyw —Ymaz r(zp) — r(za) (z) = d(z, Myy)

pp
Aen(uw) (o) + ey " = e, M)

[0 PDF analyses use Agg(ye) for electrons with large y and p. > p%”’fg”
to constrain d(xz, My ) /u(z, Myy) at . — 1

O At a pp colider RHIC, an analogous quantity s

(o jaye ) / (do™ aye)

N
L | S L | | .
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Probing valence quark PDF’s at large x (forward region)

Neglecting sfrange and heavy flavors, at Born level,
for /S = 500 GeV:

dO‘W+ _ _ _
" cu(ea)d(zp) + dau(es)  —  ulea~ Ddlag ~ 1)
o YW —Ymax
do"W ™ _ _ _
—— xd(za)i(ep) + @(za)dep)  —  d@a~ Doy~ 1)
W Yw —Ymax
do"V" /dyw dizg~1) u(zp~7)
doW dyy u(ry ~1)  d(zp~T)

YW —¥Ymax

T=MZ2,/S ~ 0.03; ymax = —5 In7 ~ 1.82

[0 A correlated constraint on flavor symmetry breaking in d/uw at x — 1
and u/d at = — 0.03 (Gottfried sum rule violation)

r— T r— | ¢
— — — —¢
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Single-spin asymmetries
iN a QCD resummation calculation

(P N., C.-P Yuan, Nucl. Phys. B666, 3 (2003);
Nucl. Phys. B666, 35 (2003))




®© 00000000000 0 ® O Pavel Nadolsky, Santa Fe PHENIX Workshop, June 21, 2004

1.0

Leading order single-spin asymmetries for » F;Lrl;i:ég(féédb‘eev' -
i~ 800p A
W boson rapidity distributions e A (W)
0.5 VA
— — o | |
w+ —Au(ze)d(zp) + Ad(za)ul(zy) F | _—— A
Ar - (yw) - - J am
u(xq)d(zp) + d(za)u(zp) NI PR L
_ { —Au(zq) /u(za), Tq — 1 Tdese,, ]
Ad(xg)/d(xg), xp — 1 : SN
~0.5¢ Au/u /
W —Ad(za)u(zy) + Au(ze)d(zy) Q= My
AL (?JW> — - - P GS95LO(A)
d(xa)u(xp) + u(za)d(zyp) ol BSbg=0)
- —Ad(zg)/d(xg), Tq — 1 001 01 06

Source: G. Bunce et al., hep-ph/0007218

Would be a convenient fest of Aq/q and Ag/q if W *-bosons were ob-
served directly
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Interest in fully differential cross sections at the lepton level
1. Partial angular coverage of PHENIX and STAR detectors

2. ypy can be approximately reconstructed in a limited event sample
and only if dynamics is well understood

[ The correct solution for ¢y, can be chosen based on the knowledge
of the rate if |y,| > 0 and p;, not large

3. Due to the spin-1 of W= boson, cuts affect the numerator
and denominator of A (yy) differently

AL(yW)| with = AL(yW)| without

lepton lepton
cuts cuts
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Impact of leptonic cuts on the measurement of A; ()

01 [

A (YW)

of
o |
~0.2 —
~0.3 —
-05 |
~0.6 —

-0.7 |

~0.8 L

App - (W5 Ty)X
V's =500 GeV, L =800 pb™
GRSV-2000 std.

— No cuts

—— 12< |ylepton| < 2.4, p_l_lepton > 20 GeV

Iy|epton| <1, pylepton > 20 GeV
P IS T

|

-15

Due to the spin-1 of W= boson, cuts affect the numerator and denomi-

-1 -0.5 0

nator of A (yy) differently

N

> |
™ <

NS

0.5

1.5
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Angular distributions in the W rest frame:
LO analysis

s S %V%: 6 % d o u(z1)d(x2) (1 + cosh*)?

d >

/

do/dy,dcos®’, pb

da/dy,dcosd’, pb

IN
o

(&Y
o

20

10

%V% ;éj X2 u o d(z1)u(x2) (1 — cosf*)?

P
/

40
30 E
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10

Unpolarized case

pp - W' - Tv)X

V's =500 GeV, L = 800 pb™
GRV-98, leading order

— Total
— (1 + cos®)?

— (1-cos®)?

Angular distributions in the W rest frame:

Correlatfion between yy, and leptonic angle cos 6

LO single—spin cross sections
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Single-polarized case

App - (W' = Tv)X

V's =500 GeV, L =800 pb™
GRSVs-2000, leading order

— Total
@1+ cose*)2

— (1-cos@)?

Ad(z1)u(z2)(1 — cosh*)?
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Interest in NLO fully differential cross sections

[0 Sizeable NLO corrections (30%) to the numerator and denominator

70

do/dyw, pb

& NLO accuracy required by the global analysis of polarized PDF’s

¢ Indefinite sign of A f(x) = possible radiation zeros at the LO

80

60 |
50 |
40 |

30 |

Unpolarized cross section

Single-spin cross section

ag, NLO

[ pp- (W -Ty)X
[ Vs =500GeV
[ CTEQ5M

dao /dyy, pb

TN

qg, NLO

Lapp - (W - Tv)X
Vs =500 GeV

[ GS-A
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Transverse momentum distributions

> 4
q—’ E . +
o Unpolarized W
8_ E = 500 GeV
= CTEQ5M
=
'_
o
=)
~
@)
k=)
......................
25
pTt (W), GeV
@) @)
g 9 [ Unpolarized W* g
o) C -
o a V's =500 GeV 2
- 8tk No leptonic cuts ,{*0-5
c a CTEQ5M1 c
o - o
a 7r °
Q C © 1
\Qf 6 L~ Resummed, C21+Y \5 B
© . — NLO o
S s a;" =16 Gev >
© - ©_15
4
3F
- -2
2 F
hr -2.5
O P L L L L L L L L L L L L L L L L n
10 20 30 40 50
p«(lepton), GeV
<1
1 Al

pryw #= 0 The shape of do/dpry, af
pryy — O cannot be described at a finite
order of PQCD: calculation of the sum

1 o= /ag\" < " Q?
- (—) vmn (1N 25—

is needed

or 5(27TW)>

: Similar multiple par-

fon radiation effects

Single-polarized W*
V's =500 GeV

in lepton py distribu-
—mo tions

gy =16 GeV

10 20 30 40 50
pr(lepton), GeV




App — (W — W) X: asymmetry Ag (y,) with respect to the rapidity y,
of the decay charged lepton

doP~ P doP P

_ dyy,  dyy
dyy dyy

A better alternative to the commonly discussed single-spin asymmetry
A (y) with respect to the rapidity vy, of the 117 boson

[0 Directly measurable

[J Not distorted by limited acceptance of RHIC detectors (while
A (ypy) Is strongly distorted)

O Sensitive to different polarized parton distributions

[0 A fully differential O(«aq) calculation with inclusion of 1//-boson de-
cay and fransverse momentum resummation exists in the form of a
Monte-Carlo code
(available at http://hep.pa.msu.edu/~nadolsky/RhicBos)
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Lepton-level resummation calculation

[0 O(ag) fully differential cross section

do
d3pld3pul
for arbifrary longitudinal polarizations of the beams = A;, A;; af
the lepton level

[pp — (v, W, 20X ]

[0 ~5 matrices from the axial current and spin projectors; the T"Hooft-

Veltman and dimensional reduction schemes used
0 Inthe region p!'" — 0,522 is dominated by large terms

d3pld3pl/l
aS( 2 In 2 or 5(pT)>7
P P
n=0,...ooom=0,...,2n -1

We found the sum of these terms with the help the impact parameter
space resummation formalism (Collins, Soper, Sterman, 1985)
doh 4 hp y d2b
dQQdydp d<?; (27)2

- 'g_,
ePT Wy, (b, )




OO0 000000000 0 0 ® 8 Pavel Nadolsky, Santa Fe PHENIX Workshop, June 21, 2004

g7 resummation for vector boson production at the Tevatfron

Resummation: W boson production
at the Tevatron

— Incoming
e particles
— Outgoing
P —P

particles

No QCD radiation ¢ —» %,\,—w q
w

CD radiati %M
Q radiation ——» :107&0

pr 7 0

Needed to precisely measure
W -boson mass

80

60

40

20

0

Power corrections
+perturbative contributions

/

pp— (Wt = eve)X
CTEQ6M

Perturbative

physics dominates

Oﬁ 5 10 15 20 25 30
QTv Ge\/

Nonperturbative
dynamics ("intrinsic kr")

Different ¢, ranges < different
dynamical mechanisms

Resummation describes all ¢, range in one unified framework

N

[N | |
L | | )

NS

- | |
14 Al
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[RNICBOS:
correct NLO normalization
for low-Q Drell-Yan pairs, W, and Z!
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QCD factorization in hard and soft regions

Finite-order (FO) factorization Small-p, factorization
Nocp < pPrw ~ Q7 Nocp < prw < Q°
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A (Yl)

App — WTX
0.1

No cuts

ok py>10Gev

Aj (yp) for different choices of min ppy

App - (W' = Tv)X
V's =500 GeV, L = 800 pb™

— GS-A

.......... GRSV-2000 valence

The direct observable is A, (y,) with pry > piiin

Predicted statistical errors are for £ = 800 pb *

Central region (with higher rate) is as sensitive to PDF’s as the forward region

N

- | |
.am | | )

NS

App - W -1v)X

V's =500 GeV, L =800 pb™

— GS-A

.......... GRSV-2000 valence

NN

- | |
7\ | )

NS



Wt production: p

do(pp — W+X) _

lepton
dp--

dApo(p~p — WHX)

lepton
dp--

do/dp(lepton), pb/GeV

‘dB.a/dp:(lepton), pb/GeV

lepton
T
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distributions with experimental rapidity cuts
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W= production: p

do(pp — W~ X)
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distributions with experimental rapidity cuts

do/dp(lepton), pb/GeV

lepton
dp.

dAro(p~”p — W~-X)

No cuts |

o
©

o
Y

No leptonic cuts, GS-A

e
~

— Resummed, W +Y

o
o

o

w
dA.g/dp.(lepton), pb/GeV

dpl epton

T

dAco/dpi(lepton), pb/GeV
o o o
N W »

o

o

p:(lepton), GeV

PHENIX |

(1.2 <[yl <2.4)

0.14
12<ly,|<2.4,GS-A
0.12
~— Resummed, W +Y
“7 NLO, 5 = 1.6 Gev
o1 L 0, gy 6 Ge!
0.08

o LL L L L LR

dA.a/dp.(lepton), pb/GeV

e
N

o
>

o
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o
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o
W

o
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0.1
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o ¥ O L
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© 03 O 15F
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02 1k

0.1 05

0 0 L
0 10 20 30 40 0 10 20

1<y, <1,GSA

~— Resummed, W +Y
“TUNLO, g5 = 1.6 Gev
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"Spin independence” of the Jacobian peak

N
M
(@)

X -0.2

Due to

[]

[]

1 O

c [
the spin independence of the per- @ _g 4

turbative Sudakov factor (quark @
helicity conservation)
reduced importance
probable universality of
perturbative contributions

-0.6
and
non-

Rate

-0.8

the shape of do/dp)! at p}/ — 0 B :

and Jacobian peak in do /dp! "
can be predicted based on
the unpolarized measurements

-1.2

measurements of dAo /dpr in the
polarized ~*, Z° production

~1.8 Lo

O L

~1.6 F N0, g

1<y, <1,GSA

[ —— Resummed,

~1.4 |

Ladinsky-Yuan S"°
Resummed,
BLNY S™°

sep

=1.6 GeV

0

10 20

30

40 50
p:(lepton), GeV

This consequence of the factorization picture must e tested at RHIC for
all types of vector bosons
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Lepton-level spin asymmetries in the
global PDF fit
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Unpolarized W-boson charge asymmetry at the Tevatron

d0W+ doWW

_ dyy dyy

A (ye) =
charge\J¥¢ oW +d0W_
dyy dyy

[0 analog of A; (y,) in the unpolarized case; related o

U(Qfa)d(xb) - d(fca)u(xb)
u(za)d(zy) + d(za)ul(zp)

Acharge (yw) =

[0 constrains d(x, My ) /u(x, My ) in CTEQ and MRST analyses

[ published data is implemented in the global fit with the selection cut
pre > PN = 25 GeV
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do /dy, Ot the Born level

do(pp — WTX) _ 2mo0 / pmax(PF" dyyy sin2 6
dyy S Jymin(@],"

X {u(ma)d(acb)(l + c0s6)? + d(zq)u(zy) (1 — cos 9)2},

with ., = %ein, cos O = tanh(y; — yw)

[0 Simple kinematics due to ppy = 0
0 Only 2 structure functions « (1 + cos#)? in the W= rest frame
O pgﬁ‘lj“ appears only in the limits of the integration yin, ymax

dyw sin? 6

dAO-(pp — W"‘X) o 27-‘-0-0 /ymax(p?zn)
Similarly, dye Sy
for dAo /dyy:

min (p%n)

’ {_Aum)ci(xb)(l + cos0)2 4+ Ad(za)u(a) (1 — COSQ)Q}
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NLO calculation of do /dy, is much more complex

[0 many structure functions, complicated phase space, initial-state glu-
ons, resummation effects, ...

O is implemented in unpolarized PDF analyses using an effective K-
factor
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K-factor for do /dy,
(Barger & Phillips, Collider Physics, ch. 7.11)

d(A)onTLo 143
dyy - + ag (QZ
TN ~ + extra terms
(A)aro Ko~ 1.36
dyy
No pyy Ccuts:
15 K—‘factor in pp‘—> W* > { 1‘{)X r K—Tactor in pp‘—> W™ - {_v‘{)X
V'S =500 GeV V'S =500 GeV
1.45 | 1.45 | ]
14 7ﬁsummed } 14 /\
- Seae Resummed
o 135 1+3as[Mw]’ v 135 | 1+3as[Mw]]
30T 130777 N g=My T
1.25 | — CTEQ6M 1.25 | — CTEQ6M
=== GRV'98 (NLO) === GRV'98 (NLO)
1.2 ‘ ‘ ‘ ‘ ‘ 1.2 ‘ ‘ ‘ : :
) -1 0 1 2 ) -1 0 1 2
V¢ Y{
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1.8

1.6

14

K-factors for dAo /dyy

K-factor in App - (W* - {*vp) X

K-factor in App » (W~ - {"vpX

- -
__“L.—-— il T
e,
al

GRSV'00-s
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— 2 — 1 O 1 2
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Radiation zeros...

[0 ...are easily identifiable in the data ((A; (yy)| = 0.1)

[ ...are smeared by experimental resolution and statistical errors

A (1)

0 ..can be removed from the data by °'f

-0.2 F

DTy cufts

0.1

0 o

~0.3

No cuts

—0.4 gt

[ ...can be excluded from the fit by data -os b,

selection cuts

N

>
~—

0 ...can be included in the fit, with the di-<-o:

02 ]!

rect NLO calculation used only in the
vicinity of the radiation zero

-0.3
-0.4

0.1

05 bl b b b b,

0.1
£ Py, > 10 GeV

App - W' S Ty)X
v's =500 GeV, L =800 pb™

— GS-A

.......... GRSV-2000 valence



Summary

. Measurement of forward leptons from unpolarized W boson produc-
fion will provide important information about w(x), d(x) as z — 1
(complementary to the Tevatron and low-energy Drell-Yan data)

. The lepton single-spin asymmetry A; (y,) provides a theoretically clean
and direct observable in polarized 11/ -boson production

. O(ag) resummation calculation exists for fully differential lepton cross
sections

. Next-to-leading order A; (yy) (with ppp cuts) can be easily imple-
mented in the global fits using an effective K factor

K = (A)onro/(A)orn and asimple procedure to deal with radio-
fion zeros
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Backup slides

L
==
LI
=




pp — (W=, 20 — ¢105) X af RHIC: expected total cross sections o
and numbers of events N for 1 lepton generation

VS = 200 GeV VS = 500GeV
£ =320 pb! £ =800 pb™!
2|, —o 0.4 0.16
W+ | ox6oppp(d2ee) 1.38 4+ 0.34 (0.25) 124 +9(0.07)
N £+ VN(1/V/N) 440 4+ 20 (0.05) 99200 + 300 (0.003)
] P 0.4 0.16
W= | o+doppp(22er) 0.43+0.12(0.27) 41 + 4(0.10)
N ++VN(1/V/N) 142 + 12(0.09) 32800 + 200 (0.006)
zl,,—q 0.46 0.18
Z° | o+ boppp () 0.07 + 0.02 (0.26) 10.0 + 0.8 (0.08)
N ++VN(1/V/N) 21 4+ 5(0.22) 8010 + 90 (0.01)

The unpolarized cross sections are estimated using CTEQS6 parton distri-
bution functions (PDF’s)

oo ppp dre due to experimental uncertainties in PDF’s (~ 90% c.l.)

TAB = (My/+/S)e=vv are Born-level momentum fractions for incoming
partons; max vy, = 0.92 (1.82) for /S = 200 (500) GeV
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What is the spin of the proton made of?

The interest in polarized hadronic reactions originates in the “spin crisis”
(1989)

1
AS > e (DS + Afyp(©)

flavors

= 0.27 £0.04

Here Afa/A(g, 1) are PDFs for a longitudinally polarized nucleon

fa/A(fnuF) — f—|—/—|—(£7/1'F)+f—/—|—(£7uF)
Afa/A(gaﬂF) = f+/+(§7FLF)_f—/+(£7NF)
Profon spin sum rule:;

[ e [ZAT© + Afep©)] + (L) + (Lg) + (La) = 5

(Lg) Is The orbital momentum of quarks, efc.

N &
L | S L | | .
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W=*-bosons as ideal polarimeters

~ U (x5)d(X )

~u_,_(x,)d(Xp)

At the Born level:

dA 7 o(pp VE tupX)
dzadzpydcosOde

—Au(ze)d(zp) (14 cosh)? +

+Ad(zo)u(zy) (1— cos 6)?

Spin asymmetries in W= production
are sensitive to the flavor structure of
the polarized quark sea

Signature of I boson events: high-p,
charged leptons and K
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Comparison of do /d(y2eet) and do /d(ygstimated)

do/dyw, pb

at large lepton rapidifies

i pp_>(W+_>I_v|)X
_—\/SZ5OOG6V

- 10 <p, <30 GeV
[ 1.2<y, <24

-~ Exacty,,
""" Estimated y,,=y.
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Unpolarized (top) and single-spin (bottom) distributions d2e /(dppedyy) in
W (eft) and W (right) boson production

d*o/ap.dy, pb/Gev

d's/dp ey, pb/Gev

ki e ™ o
IR | il |

diofdp.dy, pb/Gay

d's/dp. ey, pb/Gev

B
i

5
PR Y

Most of the rate is af
yr ~ 0 and plren
My /2

Resummation  effects
must be Iincluded fo

describe that region
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Next-to-leading order (NLO) corrections
iNn the analysis of parton distributions

[0 Required to achieve acceptable accuracy

[0 Would drastically slow calculations if straightforwardly implemented
in the fit

Common solution: calculate the NLO cross section as

onLo = Ko,
where

[0 the LO cross section o, is updated in each call of the minimization
subroutine

[0 the more complicated factor K' = on70/010 1S Updated every n
calls (where n is a large number, e.g., n ~ 103)
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K-factors in the spin-dependent fit

In the polarized case, the convergence of such procedure is questioned
due 1o

O larger flexibility of spin-dependent distributions A f(z, Q)

[1 possible presence of radiafion zeros (o7 = 0) In spin-dependent
Cross sections

An alternative method involves a complete calculation of o577, In each

call of minimization using Mellin transform . stratmann, W. Vogelsang, Phys. Rev.
Dé4, 114007)

O | will argue that the K-factors provide an efficient way tfo implement
NLO corrections in polarized W boson production

N | |
™ <

N —
o | —<
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Double Mellin fransform

1
(271)2

o =

/ dn/ dmA fnA frmo(m,n),
C, C,,

where
1
Af = / de 2" 1A f(x)
0

is the n-th moment of A f(x),
1 1 ~
o(m,n) = /d{P.S.}/ d%/ dzy, xgnxb_mda(xa, p)
0 0 d{P.S.}

is the convolution of the cross section o (z,, 2,) (integrated over phase space RS.) with
the “eigenvector PDFs” x ", =, ™"

o(m,n) can be calculated at the full NLO before the fitting

It is not obvious that [ d{F.S.} can be evaluated using Monte-Carlo methods for com-
plex m and n
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K factors for dA o /dyy, NO ppy CUts:

K-factor in App - (W* - {fvp) X
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